Abstract. We use in situ measurements and remote-sensing data sets to evaluate the mass derived from modeling and oceanographic data from Prydz Bay.
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this study refers to as the tributary Lambert Glacier.
Figure 1
In an Arc/Info environment, the margin of the LAS was defined by the OSU digital elevation model (DEM) (Liu et al., 1999) . The grounding line of the Lambert, Mellor and Fisher glaciers (the southern grounding line), mapped interferometrically by Rignot (2002) , is used in this study. The resulting precision of grounding-line mapping is 100 m for Lambert Glacier and 300 m for Mellor and Fisher glaciers (Rignot, 2002) . The boundaries of the three glaciers are delineated by tracing the flow stripes, or foliation trends (Hambrey and Dowdeswell, 1994) derived from RAMP mosaic (Wu and Jezek, 2004) in the lower elevation portion (lower than around 2000-2500 m), and then tracing the steepest paths generated from OSU-DEM 5km triangular irregular network surface.
The upstream and downstream drainages of these glaciers are defined by the ANARE
LGB traverse line ( to 18 over the flowbands (Fig. 2) .
The study area (original projection is Polar Stereographic) was finally re-projected to the Lambert Azimuthal-equal area to calculate the area values. The total grounded area of Lambert, Mellor and Fisher glaciers is 97,0610 km 2 , which is about 4 percent larger than that reported by Rignot (2002) due possibly to the different projections.
5 Fricker et al. (2000b) briefly summarized the previous mass balance studies in the interior basin (the Lambert Glacier drainage basin, LGDB) of the LAS, which is a part of the system that drains through the major ice streams entering the rear of the Amery Ice
Shelf. Previous studies inclined to a largely positive mass imbalance for the interior drainage basin, e.g., Allison (1979) estimated mass fluxes for the LGDB, obtaining a overall positive imbalance for the interior (upstream of the GL line, Fig.1 ) of approximately 30 Gt a -1 (50% of total net accumulation), and a positive mass balance of 12 Gt a -1 between the grounding line and the GL line; Bentley and Giovinetto (1991) obtained a positive mass imbalance of 39 Gt a -1 (78% of total net accumulation) for the entire LGDB though McIntyre (1985) re-assessed the mass balance of the LGDB and suggested a positive mass balance for the interior basin (+2 Gt a -1 ) and error limits which fell below zero by re-definition of the basin and reinterpretation of surface accumulation based on satellite imagery. Fricker et al. (2000b) estimated the total integrated mass flux across the ANARE LGB line, obtaining an ice flux of 44 Gt a -1 , which was derived from the observations along the LGB traverse line between LGB05 and LGB69 with an assumed surface velocity factor of 0.87. They also assessed the mass balance of the region between the LGB and GL lines with six different accumulation distributions, with four of the estimates exceeding +30%, which strongly suggested that the mass balance of the region between the two lines is positive. New grounding line of the Lambert Glacier drainage basin was defined using InSAR, which resulted in the mass balance estimate of the basin close to balance (Rignot, 2002) . It means prior-determined, largely positive mass imbalances for LGDB are due to incorrect localization of the grounding line. Mass losses between the new and old grounding lines were accounted for in prior estimations of the mass budget of this glacier system. The mass imbalance anomalies upstream the GL line (Allison, 1979; Fricker et al., 2000b) , however, can still not be explained by the new mapping of the grounding line location.
Basal melting and freezing beneath the Amery Ice Shelf have been investigated over last five decades by means of field measurements (e.g., Budd et al., 1982; Wong et al., 1998) , ice core drilling (Morgan, 1972), modeling (Hellmer and Jacobs, 1992; Williams et al., 2001; Hellmer, 2004) etc. Freezing of up to 0.6 m a -1 has been reported for the Amery Ice Shelf, supported by a thick layer of basal marine ice at the "G1" drill site near 69º27'S, 71º42'E and the glaciological mass balance calculations (Morgan, 1972; Budd et al., 1982) . Recently, this has been confirmed by the work of Fricker et al. (2001) (Rignot, 2002; Rignot and Jacobs, 2002 
Data Sets and Methodology
The data sets we used in this study include the MAMM InSAR velocity data (Jezek, 2002; , the RADARSAT-1 Antarctic Mapping Project (RAMP) image mosaic (Jezek, 1999) , OSU-DEM (Liu and Jezek, 1999) , ICESat GLAS (Geoscience Laser
Altimeter System) laser altimeter data (Zwally et al., 2003) , AIS-DEM (Fricker et al., 2000a) , ANTARCTIC ATLAS-DEM (Herzfeld, 2004) , BEDMAP ice thickness (Lythe et al., 1999) , Surface accumulation data sets by Vaughan et al. (1999) and Giovinetto (Giovinetto and Zwally (2000) , modified, Giovinetto) (hereafter, Vaughan and Giovinetto compilations respectively), velocity ratio derived from a model simulation of the ice sheet (Huybrechts, 2002) , and in situ measurements collected by the ANARE and CHINARE.
Three approaches have been used to determine the mass balance of Antarctic glaciers, all with their own advantages and limitations (Rignot and Thomas, 2002) . The approach considered here is commonly referred to as the mass-budget (Rignot, 2002) 
MAMM InSAR Velocity Products
The principal objective of the MAMM project that occurred during the fall of 2000 is to obtain surface velocities on the ice sheet (Jezek, 2003) . MAMM acquired data from about 80ºS latitude to the Antarctic coast, with three times in descending orbit mode and three times in ascending orbit mode. Ice velocity was then measured interferometrically combining ascending and descending passes to obtain a vector measurement of ice velocity (Joughin et al., 1998) . This technique has an inherent precision of a couple of meters per year, in practice better than 10 m a -1 (Rignot, 2002) . The velocity data in vector form from the MAMM were densely produced with a spacing interval of 400 m.
Some patches have no velocity data due to some gaps of RADARSAT SAR image or weak coherence between the pair of images used for InSAR velocity mapping, and kriging was applied to make up these patches (Fig. 3) . 
DEMs
DEMs are used to convert to ice thickness that is needed to estimate the ice fluxes, but not available in some regions, assuming hydrostatic equilibrium. There are almost no ice radar thickness data available along the southern grounding line. Over the northern portion of the flowbands where the marine ice accretes onto the base of the shelf, and the airborne radio-echo sounding (ERS) measurement is only to the meteoric-marine ice because the ERS signal does not penetrate the marine ice. In addition, the fourth DEM, created in this study based on the ICESat GLAS data, is used for ice flux calculation across the southern grounding line and gates 1 and 2 (Fig. 2 ).
An attempt to use the OSU-DEM, AIS-DEM and ANTARCTIC ATLAS-DEM that have similar pattern and errors, to infer an available ice thickness dataset was unsuccessful due to relatively large errors in some sections along the grounding line, so the ICESat GLAS data (version 18 data from L1 and L2a) are used to generate an improved DEM for the southern grounding line region (Zwally et al., 2003) .
The ICESat GLAS data have a sensor footprint of 75 m, a typical along-track spacing between footprints of 175 m on ground and an across-track separation of around 10-15 km, which shares the same distribution properties with many other geographical or geological data from surveys that are carried out from vehicles that follow tracks, i.e., the data are densely sampled along track while the flight tracks themselves are widely spaced. (Wong et al., 1998) and the average elevations from three DEMs and the GPS elevation data nearby. A column-averaged density of 885 kg m -3 is also obtained from a 300-meter ice core recovered at a site about 300m away from AM01 assuming the whole marine ice density is equal to the average density of the marine ice at the bottom 25 m of the ice core. Two reasons possibly result in this smaller density value, first, some part of the ice core might be broken during the core drilling, but it was assumed to be integrated when the dimensions were measured in situ. Second, the bottom 25-meter marine ice density (913 kg m -3 ) was used as the average density of the whole marine ice (200 m thick), which perhaps is also a little smaller than the actual density because the density of marine ice could become larger with depth due to the increase of salinity. The density in this region should, therefore, be around 890-900 kg m -3 . First, we generated three density models on 400 m grid by linearly interpolating the density 921 kg m 
Total Accumulation
Following Joughin and Tulzczyk (2002) and Rignot (2002) , we estimated integrated accumulation using the average of Vaughan and Giovinetto compilations that were based on essentially the same source data using different analysis and interpolation criteria (Giovinetto and Zwally, 2000) .
The total accumulation for each sub-basin is equal to its area multiplied by the annual accumulation rate averaged over the area with the application of GIS techniques. The accumulation totals for the two compilations differ by ~10% upstream and downstream of the ANARE LGB traverse line, which is indicative of the variability introduced by regriding (Joughin and Tulzczyk, 2002) . Thus we use a value of 10% for the error in individual glacier drainage accumulation totals, and the catchment area error is assumed to be 5%.
Ice Fluxes through the ANARE LGB Traverse Line and the Grounding Line
The ice fluxes through the traverse line between adjacent GPS stations are estimated as the product of surface ice velocity, ice thickness, and velocity ratio, equal to columnaveraged velocity divided by surface velocity (Thomas et al., 1998 (Thomas et al., , 2000 . Ice velocity (V ij ), thickness (H ij ) and width (∆X ij ) were derived from 400 m cell-size grids along the ith gate, and ice flux (F i ) across the ith gate was calculated as
j=1th, …, n-1th velocity, ice thickness and width measurements. (1) where ρ i is column-averaged ice density at the ith gate.
Basal melting and freezing rate beneath an area defined by adjacent two gates and the boundaries of the flowbands can be deduced from two gate fluxes F i+1 , F i downstream and upstream, and surface accumulation δ A , using conservation of mass as
where δA is the ice shelf area in between the two gates.
There are several sources of error in our estimate of ice fluxes through the gates and the basal melting and refreezing rates. InSAR velocity has an uncertainty of about 5~10 m a -1 , which is very small comparing the average velocity of larger than 300 m a -1 at any gates (Fig. 4) . The median absolute difference between observed and predicted ice Equations (1) and (2) 
Results

Mass budgets of the Lambert, Mellor, and Fisher Glaciers
The differences between the accumulation (input) and discharge (output) give the mass budgets for the Lambert, Mellor and Fisher glaciers, upstream and downstream and as a whole. The results with uncertainties are listed in Table 1 , 2 and 3 respectively. 
Basal Melting and Freezing beneath the Flowbands
The fluxes through the southern grounding line and each gate are plotted in Fig. 5 . Ice flux across the grounding line is 58.9±5.9 Gt ice a -1 , and around 285 km from the southern extremity of the Amery Ice Shelf at gate 8, it drops to 9.7±1.0 Gt ice a -1 , then the ice flux increases due to refreezing, near the ice shelf front, it drops again due to higher melting rate resulted from tidal pumping and the seasonally warmer waters of the coastal current (Jacobs et al., 1992). Here we define the interior basin upstream the GL line by tracing the flowlines from the RADARSAT mosaic and the steepest path from the OSU-DEM. The area is 940, 820 km -2 , which is 13.7% less than the area given by Allison (1979) , but larger than the area (902, 000 km 2 ) reported by McIntyre (1985) . The total net accumulation is 51.8 Gt a -1 , which is also about 8 Gt a -1 less than that reported by Allison (1979) .
The region between the LGB and GL lines is delineated by tracing the steepest paths in this study, however, is made by assuming that the ice shelf is in a steady state, an assumption supported by surface elevation and velocity data, which show little change between 1968 and the present (Williams et al., 2001; Phillips, 1999) .
The total melting of ice discharge (F M ) across the grounding line is estimated as
where GL F is ice flux across the southern grounding line, IR F , ice flux derived using Russian ice radar thickness at gate 18, assuming ice radar can't penetrate the marine ice, and the signal is reflected at the meteoric-marine ice boundary; A Φ , total accumulation over the three flowbands. Our estimates of the total basal melting, refreezing and net basal mass loss beneath the three flowbands are 50.3 Gt ice a -1 , 7.0 Gt ice a -1 and 43.3 Gt ice a -1 respectively. The total basal melting and net melting are much larger than the results inferred from modeling (Hellmer and Jacobs, 1992; Williams et al., 2001; Hellmer, 2004) and oceanographic data from Prydz Bay (Wong et al., 1998) for the whole Amery Ice Shelf.
The marine ice beneath the three flowbands only covers about one third of the total area which is concentrated in the northwest of the shelf (Fricker et al., 2001) . The total basal refreezing beneath the Amery Ice Shelf is, therefore, much larger than 7.0 Gt ice a -1 (the total refreezing beneath the three flowbands), and also much larger than the basal freezing of several Gt a -1 from modeling (Williams et al., 2001) , which forms an accreted ice layer up to 190 m thick and accounts for about 9% of the shelf volume (Fricker et al., 2001) . Gate 1 is approximately located at the same position of the flux gate located about one glacier-width downstream of the grounding line reported by Rignot (2002) and Rignot and Jacobs (2002) . The melting rate between the grounding line and gate 1 is 23.0±3.5 m ice a -1 in this study, which is only about two thirds of 31±5 m ice a -1 reported by Rignot and Jacobs (2002) Rignot (2002) , and the area is 1083 km 2 versus 913 km 2 . The ice flux across gate 1 is much larger than that estimated by Rignot (2002) .
The spatial distribution of melting and refreezing beneath the three flowbands is similar to the standard conceptual and numerical models in which most melt occurs along the grounding lines (Rignot and Jacobs, 2002) , which differs significantly from the results reported by Joughin and Padman (2003) . They found that roughly two thirds (54 Gt a -1 ) of the net melt beneath the Filchner-Ronne Ice Shelf is generated at shallow depths (mean 375 m) near the Ronne Ice Shelf front. Fresh, supercooled water plumes containing platelet crystals have been observed north of the ice front in western Prydz
Bay (Penrose et al., 1994) . The temperature values immediately below the ice shelf measured by CTD are -2.25 ℃ at AM01 and -2.14 ℃ at AM02 (Leffanue and Craven, 2004) . The lower temperature ice shelf water may still be a main control of the melting and freezing processes at the base near the ice shelf front, and may mitigate the melting associated with the tide action.
Conclusions
We have estimated the mass budgets of the Lambert, Mellor and Fisher glaciers, and ice fluxes across the gates and the basal melting and freezing beneath the flowbands on Amery Ice Shelf applied to greatly expanded data sets. The whole drainage basin of the three glaciers is also approximately in balance with a mass budget of -2.6±6.5 Gt a -1 . The area of the Lambert and Mellor glaciers upstream the
LGB traverse line covers 77% of the whole drainage basin. It means most of the drainage basin is perhaps slightly thickening while the downstream portion is thinning.
The total net accumulation is 51.8 Gt a -1 in the interior drainage upstream the GL line, which is 8 Gt a -1 less than that reported by Allison (1979) . The significant positive imbalances for the interior basin upstream the GL line presented by Allison (1979) and Fricker et al. (2000) are possibly due to overestimate of the total accumulation and underestimate of the ice flux through the GL line. The interior basin upstream the GL line is more likely close to balance state or in weak positive imbalance.
Ice flux across the southern grounding line is 58.9 Gt ice a -1 , and around 285 km from the southern extremity of the ice shelf, it drops to 9.7 Gt ice a -1 , and then the ice flux increases due to refreezing, near the ice shelf front, it drops again due to higher melting.
The mean melting rate is -23.0±3.5 m ice a -1 near the southern grounding line, which decreases rapidly downstream, and transitions to refreezing at around 300 km from the southern extremity. Mean freezing rates of the flowbands are around 0.5±0.1 to 1.5±0.2 m ice a -1 . Our estimates of the total basal melting, refreezing and total basal mass loss beneath the three flowbands are 50.3±5.0 Gt ice a -1 , 7.0±0.7 Gt ice a -1 and 43.3±4.3 Gt ice a -1 respectively. The total basal melting and net melting are much larger than the results inferred from modeling (Hellmer and Jacobs, 1992; Williams et al., 2001; Hellmer, 2004) and oceanographic data from Prydz Bay (Wong et al., 1998) for the whole Amery
Ice Shelf. The percentage of the loss of the ice from interior by basal melting beneath the flowbands is about 80±5%. These indicate that the basal melting and freezing are significant components of the mass budget of the Amery Ice Shelf, and active interaction takes place at the ice-ocean interface.
The spatial distribution of melting and refreezing beneath the three flowbands is similar to the standard conceptual and numerical models in which most melt occurs along the grounding lines (Rignot and Jacobs, 2002) , which differs significantly from the 
